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/-;,A+> a ABSTRACT 
- The emerimenhl determination of the relative effectiveness of two therm1 barrier ma- 

terials wan undertaken to provide data leading t o r  minlmum weight solution to tho thermrt 
protection problem presentect the afterbody area8 of a manned superortdtrl re-entry 
vehicle. The materials lnveutigated were "THERMO-LAG" T-500, produced by EmerKm 
Etectric, and a low-deneity nyloa-teinforced phenoIlc 8blating fOrmuf?tion. Tbe faaterlah 
were agplied to tart models on In. equivalent weight badr, the ablativo mater i J  wightm 
ranglng from 0.03 to 0.18 pound per a w e  foot. 

1 

Teats were conducted in a Macb 3,200-kar air-rtrtdlited arc  jet at two conditlonr dam- 
Iating thermal environment. to be encountered by the vehicle. 

The te8t rearltr &owed "TIIBRMO-LAG" T-SW to be the mperior m8terl.1 for tho 
application, both thermally Md mechanically. "TBERMO-LAG" mdntrfned the tempemhm 
of the nrbstrate ateel at o r  below ita rublimation temperature of53OT.,ahlle uodv 
identical condltiona, application wtghts, and exposure duration& the phenolic nyba e t -  
lng permltted temperatures to approach OOO'F. At 8 heat fiux of 30 B"U/ft2 Wc rad aa 
enthalpy od 3500 BTU/lbD the "TBERMO-LAG" mdn&ined 0riglna.I model coafiguraUm, 
rad formed an errentially nonreccrding debris matrlx ln the 8tagnation regioa. The pbo- 
nolle nylon modelr, under Identical- conditions, were subject to major configurrtlon w e .  
Craddng and spalllng of the phenolic nylon coating material was observed durlag certrtn 
d the tertr. 
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0 8 JE CTlVE 
- The Objectlvc al the program conducted under ContrrctNIIS Q-706 ru to perform 8 aecia  
af tests, at heathg COndiUona typical d the Apollo afterbody, by whfch tu make 8 Ulroct 
comparison between the perlormame d tvo thermal pmtectim mater1.l.. Tbe two Wert- 
als to be tented were ''THERMO-LAG" T-500 urd a la-denslty rblator COmporeU d 
47.0 percent Zytel 103 nylm powder, 23.0 percent Bakelite BRP 5SIO pheadlc main, 25.0 
percent phenolic mlcrobrlloau, and 5.0 percent eccospheres (rfflca Wooar), SI grade. 
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INTRODUCTION 
The establishment d the relative eMclencp of rblative thermal barrier mrteriah lo 
requlrlte to the attalnment of 8 mtnlmum weight wlution to a given thermal protedlon 

- c 
problem. m8 document r-8 U C h  8 COmpUlrOa. 

Fn, ablative therm81 burler arterlrlr d dcmonrtrrted mptrior performancewen 
selected by NASA lor tert iq.  The purpose d the t e d  program war to trtablI.h, by 
direct fluht .Lmulatlon comparlmn, the relative eff~ciency d thew hro mater1ll.u 
thermal protective 8y.tcmr durlng e w r t  to ctrtain thermal condition8 q e c t e d  b b 
encountered by &e marbody ot 8 typical lor W tor L , vehicle d u r l r ~  .h i l lorJlyle 
entry to tbe c.rth’8 atmorphm. m’ 0 

. I 



SYMBOLS 
D = Drag force Ob) 
A = Art. (fir) 
B = Slope d dissociation e w e  with temperature (BTUflb 
C, = Coefficient d drag (dimensiaaleu) 
F = Configuration factor for ndiant heat Lnterehurqe (chmetuioateu) 
H = Heat of combu8Uaa BTtJAb 
H J ~  = Effective heat of ablation (B"V/Ib) 
L - uit force Ob) 
0 = Heat of vaporizatioa, fusion, or ~ b u n ~ t i ~ a  (BTo/lb) 
R = Radius d curvature ut) 
4 = Mas8 fraction of oqgen pres+ l a  bousdary kycr (dimhoaleu) 
T - feoqwnture CR) 
W - WeIght ab) 
C = Specific heat (8ntflb 'R) 
h = E n W y  (BTu/)b), or film crwmdtnt Oa heat transfer (B?'tr/fta % .cc) 
k = n e r d  conactivity (WU n/f i2  a mc) 
m = M-B per unit area Qb/fta) 
p - Presave (Atmo11phere8) 7 t Beat FXux (BTIl/ita me) - 

Pt-t 

__-- .e, at t o t  , for ccmstant values d W d A  . too at *tart d 
test, and t o t  at t h e  that temperature b plotted 

f =  Time (-1 
X =  Linear recession at mddel (n) 
a= Transpiration factor, fractional temperature rise d gases (dimensionleu) 

8 = Time in seconds for substrate to attain QQS of driving temperature (Appcndl. C )  
C = Emfealvfty (dimen8Ionless) 
d= Stefan ~ o ~ t z r m n  constant ( g ~ ~ / f t 2  hr 'TI) 
6 = pa -R Mass fraction of material gassitled (dimensionxea) 

p = Density (Ib/ft3) 

Fractional amount of dissociation on boundary layer (dimcnsionlesr) 

e 

SUBSCRIPTS. - 
o = Ablative materltl ' 

c = Cold Wall 5/8-incb diameter calorimeter 
d = Driving Temperature, or  debris material changing to gas at interface '*atn 
d = Debrls material transpiring into boundary layer 
v = Virgin material gases transpiring through debris layer b 

i 



SUBSCRIPTS (COatimJed) 

i - Wtia COndltlOn8, or interface between debrir and virgin materi8l 
m -Model 
o = Xozrle-static p n w e  at eat  
b - stagnation pressure measured by p~tot probe 
r = Re-radtated from model 
fec = Recovery temperature or coadltioar 
s - manslent calorimeter recuor. or rteel cyllndr1c.l beat dnL 
t - Total or 8tagnaUoa conditloar 
v - Vlrgin material changing into gaa or U@d at latwf8co ''8" 
F - Heat d M o o  
S - Heat of mbllllutlas 
-3 - Heat d rrporlt.tioo 

6 
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j APPARATUS 

T L S T  M O D 8 L 8 .  

C A t O R t Y  B t U R 8 .  

Tro calorlmctere were fabrlcrtedfortheprogram (See Figure 9.) The txxly of Calortmeter 
Number I was made of copper for use under low heat flux conditions. Calorimeter Nbm- 
k r  4 w e  constn~cted d graphiteloruseunder b h  heat flux conditions. Graphite sensors 
equipped wlth thermocouples were press-fitted into cavities in the calorimeter tmdy until 
only the thin Ilp around the outside heated surface d the calorimeter body was in contact 
with the uenmr plug, thus mlnirnltlng two-dimensional heat conduction into the cool calo- 
rimeter body. The heat flux incident upon the surface of the sensor could be measured, 
therefore, by the rate of heat storage In the sensor. A schematic d iq ram of the calorimeter 
design is presented in Flgure 7. Figure 7 abo depicts the configuration of the calorimeter 
body cavities into arhlcb the sensors were introduced. 

9 
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TEST 
All tests were coaducted in the following r c q u m :  

1. 
2. 
3. 
4. 
5. 

6. 

7. 

1. 
0. 

10. 
11. 
12. 

13. 

14. 

15. 

r, 

* . 
pbotognphs d the test models were taken, 
O v e r 4  model dimensions were recorded. 
fhe d e l  was installed in the byperthermal test facllrty sting mouaw. 
The model was then aligned vith the jet centerline. 
Tbe oscillograph internal timing mechanism was calibrated by a Lwm chuatioo 
square -re elcctrlcal current fed  into an oscillograph galvanometer. Tbe dum- 
tion a8 indicated by the timing mechanism m s  recorded along with the Lpom 
duration to provide 8cae factors for later use in data reduction. No discttepauei# 
were noted hrillq the prognm. 
A preddon Co(mtiometer was wed to check each thermocouple f o r  discoatiaulw 
aid to measure thermomuple lead resistance. 
The model war lowered from the position shorn in Figure 4 to a psit ion cut d 
line with the wxde exit  
Tbe test section was then evacuated to the desired pn-. 
The arc wa8 struck and stabilized at the desired power level. 
Pressure 
Heat transfer to a 5;'O-inch water&led copper calorimeter was mewured. 
All tunnel operating parameters were then recorded. Thew included presawea; 
temperatures; flow rates of water, nitrogen, andwgen; etc. QeraUng condiUam 
were monitored Uwmghut the test. 
Cooling water flow to the sting mounting was initiated and the model pneumatically 
inserted into the plasma stream. Atthistime, a stopwatch, the recording ouilb- 
graph, and a color motion picture camera were 6tartcd 
Measurements of model surface temperature in the stagnation point reglots were 
made with an optical pyrometer. 
At the conclusion of the designed test period, the arc  was extinguished. Tbe t e a  
model was permitted to remain in position for a cooling period prior to remoral 
from the test chamber. 

determined by means of a water-cooled pitd prok. 

Post-test examination of the model8 included: 

1. Weighing the-modeb. 
2. Photographing the models. 
3. Sectioning of the stagnation reoon of the models, and performing a mcrosmpic 

inspection of the char in the stagnation regioh 
1. Measuring the debris layer thckness and recession of the virgin matcz-ial. 
5. Sectioning of the model in  the test area over thermocouples 2 and 3 md mcro-  

scopically examirung the material to qualitatively determine its composition. 

11 
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DATA REDUCTION 
S T A G N A T 1 0  N 

HEAT FLUX. 

Heat nux to the test model was determined by raholng the calrbrating flu (obtalned before 
each run) to the S/B-inch calorimeter. The following equation wa8 used: 

P 0 1  N 7'. 

Recession rates of & g i n  material were considered t o k  l l n t a r  rlth time. These recedar 
rates were obtained by dividing the total recession by the duratlon of the test. 

Tbe heat d ablation, He# , waa emhated by: 

a. DLviding the model hot MU convective heat flux by the mass abhtion rate deter- 
mined from the recession rate presented m e .  

b. Subtracting the reradiated heat flux from the hot-wall convective heat flux, and 
then dividing by the mass ablation rate. 

I 
, -  

Reradiated heat flux was determined by using the surface energy obtained by & r e d  
measurement. 

13 



S I D E W A L L S. 

HEAT FLUX. 

Heat flux waa evaluated by transient hot-%all calorimetry. Ratt-of-heat transfer to the 
sensor face was determined accurately from the rate of heat t r a d e r  into lt, and war 
monitored by a 28-gage chromel-alumel thermocouple within the sensor and rtcorded 
on an oscillograph. The slope8 of these traces were evaluated at several temperrturcr 
throughout the test. The incldent heat flux m a  evaluated from: 

DATA. 

m t a  reduction for aldc walls ai the modela m a  accompllahed by afwparuneter .  Th(a 
parameter I 8  8 meamire of tbe total heat-pulse-per-gound d material applied to the aide 
-8. 

?his parameter was plotted verms substrate temperature for each model. Since the 
weights per unlt area of the coatings of the two materials were reasonably close for each 
pair of models tested, It was possible to compare, on single graphs, the relative protection 
offered by equal weights of each material for the several exposures to the plasma stream. 
These curves are  presented in Figures 47 through 53. The criterion for assessing material 
Ulermal efficiency was minimum backside temperature rise for equal exposure to identical 
thermal environment. 

, 
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THERMAL ENVIRONMENT AND 
'TUNNEL PER FOR MANCE 

CalibraUon of the tert tunnel included the establishment d heat flux and toul eattulgl 
throughout the test section. Pertinent data are presented in Figurer 5 and 6. 

-el stagnation performance data are presented In Table II. 7Wre value8 are g u  
now, power input, plenum chamber prermre, nozzle exit pressure, 8tagnaUon prar.ur., 
and stagnation beat trulSftr rate8 to tho tc8t modcl8. Analy8iroftbesedata drorr tht 
the tunnel repeat@ the dcaired rtagnatlon heat transfer rate throughout the test scriea 
with a maximum deviation from the mean af 1.68perccnt. Anrlrrirdablation rate lab 
effective heat of ablatlon data Indicate a mildmum devlatlon from the mean of 0.4 parceat. 

Table KV &ow8 tbt heat flux to model dder a8 deterdned by tranalent cdorimdry.  

, 

- 
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SUMI&SARY OF hMASUREMEN7S 

. 
.m 
.010 
,015 
.020 

. oia . o m  

.027 . os5 

All numcrlcal ttrt dah derived from mermrcrnentr made thmugbut thh test progrrm 
are present& in Table# 1 through V. Tlmc temperature trace curvem are presented Ln 
the Illuatrrtiotu r c c t i m  d thir ttport, 

.. 1 

1.251 1 
1. asa 1 
Lt51 1 

1.249 1 
1.253 1 
1.150 1 
1. tu 1 

1.247 a 

TABLE I 

TEST SCHEDULE 

- 
.OlO 
.020 
.005 . os0 

Model No. 

a 
1.251 a 
1.249 a 
1.25s a 
1.251 a 

m 
JC 
4D 

.017 

.011 

. a 4  

SB 
6D 
?E 
8F 

I. 256 2 

1.250 i 
1.255 a 

Phea N. 
men. N. 
men. N. 
Phen. N. 

I3D 
14 F 
I78 
15G 

Phen. N. 
Phen. N. 
Phen. N. 
Phen. N. . O S 1  I 1.250 I 2 

I I 
~ ~~ 

*Condition #l: \ = 3500 BTU/lb qm = 39 BTU/fta- 8ec 
Condltlon $2: l-+ = 17,500 BTUhb, q, = 333 BTU/f tbn:  

17 



TABLE If 
TEST CONDITIONS 

C.l. 4 130.6 61.6 .002705 .OW735 . 003N 17,450 ,1040 

iB 128.S 04.78 .w)?785 .OW735 .OO;W 117,550 .1038' 
I 

L 
1 

100 120.1 04.50 .W2705 . W0735 .W350 17,475 -1042 

18A 12D.J 04.40 .W2075 .000735 .00350 117,485 .lo41 
u r  ' 
2 
5 I IL  1120.2 IO4.01 (.Wl785 I.000735 1.00350 117.585 1.1041 

L 

i 
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TABLE III 
MATERUL DENSITES 

Phenolle Nylon 

T-500, M O W  

T-500, Spr8yed 

Phenollc Nylon (Char h y e r )  

T-500 (Debrla Layer) 
Surfoce 

Mlddle of debria 

-Ave&age Measured Denslty (lb/ft 3) 

42.6 

80.0 

72.0 

14.14 

32.0 

I?. 7 

TABLE N 
CAmRIMETER RESULTS 

~~ ~ 

Hemisphere Cyllnder 
Calorlmeter i 6  
Total Enthalpy - 3510 B T U h  
Heat Flux to 5/8'* Dlameter 
Calorlmeter = 78.2 BTU/ft2-sec 

Hemlephere Cylfnder 
Calorlmeter Y 4 
Total Enthalpy = 17,450 BTU/lb 
Heat Flux to S/8** Dlamcter 
Calorlmeter = 780.2 BTU/Ct2-sec 

Tlme (sec) 

2 
8 

14 
24 
34 
40 
44 

Value 

7 . 5  
15 
23 
30 

Average Value 

Sidewall Heat Flux 
BTU/ftz bee 

. 6  
1.4 
2 . 8  
3 .5  
3.9 
4.0 
3.9 

= 4 . 0  BTU/ft2 sec 

58 
64 
67 
79 
67 BTU/ft2sec 

19 
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TABLE V 

STAGNATION POINT RESULTS 
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Model Number 

1A 
2B 
3c 
4D 

c - 

DISCUSSION 

coating Thickness Test Duratlom 
(h. 1 b i n )  

.006 .om 16.67 

.010 .060 16.67 

.015 .ow 12.5 
-020 .la - 13. 

OF RESULTS 
M A T E R I A L  P E R F O R M A N C E  O N  S I D E  WALLII. 

TEST CONDITION #l. 

Materia performance at  Test Condition #1 (enthalpy 3500 BTU;'Ib, heat flux 4 BTU/'Ra m) 
is described in the IollOlvLng parWIWh8. 

"THERMO-LAG" T-500. Four "THEIUdO-LAO' T-500 modela of different coating thick- 
ne8se8 were tested. The model number8, coating thicknesser, coatlng relgbta, and teat 
durations are showo in Table VI. 

MODEL 1A: Figure 14 contains profile and sectional views of the model. It w i l l  be noted 
that the model maintained its original configurationthroughoutthe test. Figure 16 cont8inr 
the thermocouple temperature traces obtained at  thermocouple hCatfOnB 2 and S on the 
steel substrate. Thermocoupl-trace e2 shows a tugher temperature than thermocouple 
trace #3 throughout the test, indicating either a thermocouple calibration error or a 8-t 
misalignment of the model. To present the data in the material comparison curve8 
(q  ** versus T) an average temperature representing the arithmetic meand the hwo thcr- 
mocorrplee temperatures &as used. The steel cylinder temperature became asymptotic to 
the sublimation temperature (530°F) of the "THERMO-LAG" T-500 after ten minute8. 

- - -  
Post-test microscopic inspection of the model indicated that most of the salt had sublimed 
away, and only the debris layer, composed of the binder system and certaln additiver, 
remained over the therxnocouples. 

MODEL 2B: Figure 18 depicts the model, at J e s t  Condltion f l ,  before and after a test 
of 16.67 minutes. This -illustration shows that the model maintained its orlginal con- 
figuration throughout this test. Figure 20 contains the thermocouple temperature traces 
obtalned at thermocouple locations 2 and 3 on the steel substrate. The temperatures are  
lower than the other temperature test data. T h e  temperature of the substrate became 

i . 
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asyniytohc to 3W-F. Post-test niicroscopic inspection of the nroddel indicated that very 
little of the salt in the virtgn "THERhlO-LAG" T-500 h3d sublimed. These data result8 
are not consistent w i t h  the other measurements. Possible explanatmns for ttU8 Lnm- 
sistency include faulty calibration of instrumentahon, drifting of the mstrumentrhon, 
and varying instrumentabon power supply. These data hove been reduced in terms d 
q*' VersrrS T and plotted as dotted lines on -re 40. 

MODEL 3C: Figure 22 depicts the model before and after a 12.5-mlnutc test. 
illustration shows that the model mantamed its original conflyration throughout the test 
After the model had been exposed to plasma jet for five minuter, the sting support failed 
and the model assumed a z 3' an&le in the plasma stream. The sting assembtp failed 
completely at 12.5 minutes, causing termination of the test. Figure 24 presents the 
thermccouple temperature traces obtvned from the steel cylmder. These thermocarple 
temperature traces are similar to a e  other traces obtvned during this test seritr per- 
taining to aspmptotx behavior. After the fa lure  of the sting assembly, which occurred 
after five minutes of testing, the temperatures rose to 6 6 0 t .  The test was terminated 
st this point. Post-test microscopic inspection af the model revealed that mast d tbc salt 
had sublimed away from the-side af the model stagnant to the stream, and that the binder 
system had started to pyrolyze. Figure 49 shows the plot of these data presented In tarmr 
of 9- versus T . The period of testing preceding sting failure is shown by solid l l n ~ &  
the period after sting failure is not shown. 

MODEL 4D: Figure 26 depicts the model before and after a 13 minute test. IhL 
shows that the model retained its original configuration throughout the test, although the 
sting assembly failed after Fine minutes of the test, causing the model to become maraligned 
in the plasma jet. Due to the failure of the sting assembly, n o  valid data was obtained 
after nine minutes d this test. Figure 28 presents the temperature traces ol the skin 
thermocouples. These tracer are asymptotic to 530°F. Ynspection of the model indlcated 
that most of the salt had sublimed from the side of the model stagnant to the stream, urd 
that the binder had begun to pyrolyze. Figure SO presents the plot of these data presented 
in terms of q'*versus T for the nine minute test period. 

The performance of 'THERMO-LAG" T-500 at Test Condition 81 indicate3 that: 

* 

- 
1. A nonreceding char  layer was formed and the models retained their original 

configuration throughout the test. 
2. -Approximately .005 to .006 inchof virgin *'THERhX(ILAG"T-500 was consume3 in a 

16.67 minute test period. 
3. The sprayed coating of '"HERbIO-LAG" T-500 adhered to the steel skin through- 

out the test. 
4. The temperature of the steel skin when protected with "THERhfO-LAG" T-SOO 

asymptotically approached 530'F, the subliming temper ature of "THE,RMO-LAG" 

5. Mter the salt had suhlirneti from the v irg in  "THERMO-LAC" T-530, the binder 
T-500. - 

system began to pyrolyze, and afford.:d additional thr.rmal protectim. 

22 

c 



PHESOLIC kYLoN. Four lor-density phenolic nylon models nth different thichesscs 
of coating were tested at Test Condition -1 (enthalpy 9500 BTU Ib, heat nux 4 Bftl t t2 m). 
The model nunibers and coating thicknesses, coating w i g h t s ,  and test durations are shown 
k Table M. 

Model No. Coating Thickness 
(in. 1 

5 8  .012 
6 0  . Q#) 
79  -027 
eF .os5 

Coattng p l g h t  Test DurULoa 
(lb R 1 (mid 

-0125 16.7 
. o n  16.7 
-096 - 16.7 
-12s 16.? 

1 I I I 

MODEL 58: Figure 15 depicts the model before and after a 16.67 minute test. Figure 17 
contains the thermocouple temperature traces obtuned at thermocouple locations 2 ud S 
on the steel substrate. During this test d the phenolic nylon model, the hemispherical 
stagnation region changed from ita normal shape to an irregular, cupped eaJiguraUaL 
This change in eonfiguration caused an observable, discontinuously stepped &amp In tb. 
flow field about the model. After hro minutes of testing, the flow field separated !map 
the afterbody of the model, terminating the further acquisition d valld data. The dnul 
observation of the flow field separation coincided with the erratic thermocouplc trace& 
The temperature rose steldily from the are-minute point to the end d the test Maximua 
temperature attained was approximately 860°F. No positive temperature ccmtml char=- 
teristiw of this ablating mate?? could be determined from this test. Figure 47 presents 
the reduced data in  terms of Q versus T . Data acquired during the first hro minutes d 
test is represented by solid lines. Data acquired after two minutes of testing has been 
deleted due to its limited validity. The substrate temperature, r ,  is taken Y the mean 
temperature of thermocouples 2 and 3. 

The model was left in the plasma jet for 16.67 minutes. The stagnation region completely 
ablated, and the material around the leading periphery ai the cylinder was consumed. The 
ablation around the cylinder was irregular. The irregularity of ablation, together with the 
variance in indicated thermocouple temperatures indicates that the model was slightly mis- 
aligned in the stream. It was noted that cracks had developed in the coating over the aft 
portion of the cylinder. 

Due to the erratic behavior of the now field, valld material ablation criteria were not 
established during this test after the two minute exposure. Post-test microscopic inspection 
of the char layer in the region of thermocouple 2 revealed that all of the nylon had a h l a t d ,  
leaving only the char layer. A s i m i l a r  inspection at thermocouple 3 revealed that while J 

char layer had started to form, nylon was still visible in the material. 

- 
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MODEL 6D: Ficwre 19 depicts the nrddel before and after a 16.67-minute test eriod. 
Figure 21 ccmtains the therniocouple tzmgwrature traces &tun& at thermocouple locationr 
2 urd 3, 

During this test, the sh- d the phenolic nylon modd chrnqed from a bemispbcricrl 
cylinder to an trrcbdrr cup-shrged configurauan. This peculiar d i g u r a t l a a  causa W 
now field to separate fmm the afterbaiy d the model after tro minutes d testing. Tb. 
visual observation d the flow field sepuatlon agam coincided .nth recorded thermocouple 
temperature traces. These temperature traces became erratic after two mlnuter d 
testlng, and after four aunutes of testmg, the substrate temperature increued steadily 
unul the end of the test. At this tlme the substrate tenrperatur- had reached SOO'r. No 
posiuve temperature control charactersucs of this ahlit lvc material could be dctormLard 
from this test. - 
Figure46 presents the r&ced data in terms d q**vcrtus T. Solid lines indicate the 
plot af the data for the first two minutes d test, while data d limited validity which w u  
acquired after this time has been deleted. The substrate temperature, T , in takea u tho 
mean temperature of thermocouples 2 and 3 at any given time, 

No valid cfiteria regarding material ablation were est?blkhed during thlr test kcaucre d 
the erratic nature of the flow field caused by nonuniform ahlatiah. 

Following this test, the char layer in the regions d thermocouples 2 and 3 was subjected 
to microscopic examinatmn. It w a ~  observed that although a char layer had started to form 
at thermocouple 2, nylon was strll visible in the material, whrle at thermocouple 3 J1 d 
the nylon was gone and only the char layer remained. 

Misalignment of the model in the plasma jet stream was indxrted by the peculiu n y  ia 
w h c h  the material ablated, and by the characteristics of the thermocouple tr8ce8. 

MODEL ?E: Figure 23 depicts the modelbeforeandafter the 16.67-minute test. Figure 25 
contams the thermocouple temperature traces obtained at thermocouple locations 2 and 3 00 

the steel substrate. 

During this test, the shape of the phenolic nylon model assumed an irregular, cup-shaped 
configuration, causing the Cow field to separate from the afterbody of the model after two 
minutes of testing. Visual observation of flow field separation coincided with thermocouple 
temperature trace indications which became eriatic after twominutes of testing. Thermo- 
couple 3 failed completely after three minutes of testing, while after seven minutea of 
testing, thermocouple 2 incbcated a rise in temperature to a maximum of 700°F. 

Figure 49 presents the reduced substrzte temperature data i n  terms of versus T. 
Sohd lines in l ra te  the plot of the data for the first two minutes of test. 9fh' ta of limited 
vali l ty acquired after thistime hasbemdeleted. The substrate temperature, T , le taken 
as the temperature of thermocouple 2 for this test. 
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So W i d  criteria rzcardrny material rblrUM were established during this test trcC8urc 
of the erratic tuture of the flow field caused by nonuruforrn ahlaurn. Follovmg this teat, 
microscopic exunitation revealed that the mrtcr l J  over both thtrrnoccruplcs 2 md 3 waa 
8OmeWhrt charted, althoub% phrndrc nylon was still visible ua the virtpa material, and 
nylon bubbler wtt visible over the side d the model in the test are& 

M 0 0 S t  8F: Figure 27 depicts the model before and after a 16.67-aunutc test. Figure 29 
contuns  the thermocouple tealperature traces obtuned at thernrocouplc locatloria 2 urd 3 
on the steel substrate. t h i n g  Uus teat, the stagnatron rqpon of the phcnohc nplm model 
changed from 8 hemspherical to an irregular, cup-shaped mnfiguratton, cawrng an ob- 
servable, duxonhnuouslg steppod change in the flow field. After two minutes d testla( 
the flow field separated from the after- d the model, rendering invalid the drta acqwnd 
after thrr hme. V ~ s u r l  obsemhon d flow field separahon coincided wth thermororipk 
temperature trace indrcations which beelme e r r rhc  after hro minuter 

Follomng the now field separation at twominutesol teshng, the thermocouple temperature 
traces indicated a decrease in the temperature of the steel substrate. The decrease b 
temperature continued unt~l  ten minutes. when the tenperatwe began to rise, attanin( 8 
maximum d W C F  at the termrution d tbi8 test 

No positive temperature control characterisbcs d t h s  rhlative material tould be M e r -  
. mined from thir t e a  

Figure SO presents the reducedsubstrate temperaturedata in terms d q * * v u s u s  T . Wid 
lines indicate the plot d data for the first two minutes d test. Data d limited validity 
acquired after two minutes at testing has been deleted. 

m e  substrate temperatare, 1, is taken as the meau temperature tbermocarplea 2 
urd 3. 

No valid criteria regarding material ablation were established during this test because 
of the erratic nature of the flow field caused by nonuniform ablatio& 
bIicroscopic examinahon of the regions of thermocouples 2 3nd 3 revealed that nylon .ru 
still present in  thephenolic niatrix although ch r r ing  was noted. Sylon bubbles were present 
over the entire surface of the model. 

The performance of phenolic nylon at Test Condition + I  indicated that: 
- 

1. The stagnation region of the phenolic nylon ablated rapidly, causing the flow field 
about the test section to change in  3 discontinuous fashion and to separate from the 
model surface after tNQ minutes of testing. Therefore, the results of the remaining 
part of the test were invalidated. 

2. The adhesive used to attach the phenolic nylon to the steel surface held up well 
throughout the test, 

3. KO positive temperature control characteristics, tenlperature of nielting or degra- 
dation of the phenolic nylon could be determined from this series of tests. 
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Material performance 3t Test Condition (r2 (stagnation enthalpy 17,500 BTU/lb, beat flux 
67 B7'U ft2 sec) i s  described in the following p u r g n p h r  

'7HERblCbLAG" T-500. 
nesses were tested. 
duritions are sbown in Table VIR 

Four 'THERLIO-UG" T-500 models d U e m t  m a w  thick- 
The model numbers, coating thicknesses, coating weights, .nd U t  

Coating Weight 
Wf tZ)  

.06 

. l 2  - 

.03 

.I80 

Coating Thickness 
(in. 1 I Model No. m s t  LhIr.uoa 

b4 

5 
5 
5 

11 

11 .030 

MODEL QB: Figure 30 depicts the model before and after a five-minute test. Figure S2 
contains the thermocouple temperature traces obtained at thermoccuples 2 and 3 o tb. 
steel substrate. INring this test the surface of the modd receded and flattened rapidly, 
causing me flow field to go through an observable, di6continuous step change. After 
approx,imatelp 1-1,'2 minutes of testing the flow field separated from the cylindrical 
afterbody of the model. 

Uneven ablation of the material in the etagnation region indicated that the model wa# 
misaligned in the plasma jet stream. 

Erratic thermocouple traces indicated a rise in temperature to 800"F, followed by a decay 
to 530°F. Comparison of these inconsistent temperature data to the rest of the test data 
causes them to be considered invalid, and they are  not included in the material compuison 
study. 

Critcria of mass loss could not be established because of the separation of the nor flcld. 

Microscopic examination of the model following the test failed to reveal any salt  In the 
rt-rlcm of either thcrniocmple. Although the coating adhered well to the steel substrate, 
tlie binder sys t em had begun to pyrolre. 

r 
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MODEL 1OD: Figure S4 depicts the model before urd after a five-minute test. Sight 
misalignment d the model during this test i s  indwated by the rapid receding and flattening 
of the model surface. Thir change i n  conflgurahon tauused the flow field to go thrargh 
an observable, dircontinuarr change and to separate from the alterbody ofthe model 
after 1-14'2 minutes of t e w .  

Figure 51 present. the r a c t d  -ate temperature ot terms ot p" w s  1. - e n  
me temperature of the .tee1 mbstrate is taken aa the mean of thermocouplcr 2 and 3 at 
any @en time. Solld llner indicate the plot d data for the initial 1-112 minute6 of testirq 
WUl flew field repurtim). Dotted lines indicate data of llmited validity. 

Flgure 36 cant.io. the tbermacarple trace.. l h e r e  thermocarple temperature 
indicate an attained maxlmum temperature d 456". thur demon8tratlngthepsitive 
temperature control chuacterlattlca d "THSRMO-UO" T-500. 

Microscopic -nation d the model following the test indicated that altbugb -me d 
the malt had sublimed, the cor- had adherld to the steel rrubetrate durlng the 1e.t 
The amount oi u t t  remalnlng in the material .ru not determlocd 

MODEL MA: Flgurt S8 depict. the model before and after a five-mlnute ted. SUgM 
mlmllgnment d the model in the plasma )et stream is indicated by rapld rccedmg a d  
fhttentng d the model uurface in the stagnation region. Thir -eh;mee in configuratla 
cawed the flow 4ield to go througb an observable, discontinuous change. and to scpmte 
from the afterbody d the model after 1 4 1  mlautes d ter t iy .  

IYgure 10 contalns the thermocarple temperature tracer wNch indicate asymptotic k- 
haviot d the steel substrate temperature approachlng the sublimation temperature d 
"THERHO-LAa' T-500. Maximum temperature recorded durlng thla test vu M O T .  

n g u r e  52 present8 the oalld data for the first 1- l i2  minuter of testlng, In t e rm d 1'' vbraua T, where the temperature of the steel substrate is taken aa the m e l a d  
ermocmples 2 and 3 at any given time. The data up to flow field separation are plotted 

in solld liner, the data of limlted valldlty are plotted in dotted lines. 

Mlcrosmplc exvnination of the model following test comple?ion revealed that the sprayed an 
coating adhered to the steel substrate throughout the test, and also that some d the malt 
had subllrned. The exact amount MI not determined. 

k 

1 .  

MODEL l l B :  Flgure 42 depicts the rncdtl before and after an 11-mlnute ted .  The 
stagnation region of the surface receded and flattened rapidly, causing the f low field to go 

mocouple traces a re  presented in  Figure 44. The temperature traces indcate asymptotic 
through an observable dlscontlnuous chznge after 1-1 '2 mlnutes of teshng. The ther- I 
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behavior of the steel substrate temperature approaching the mhllmation temperature d 
"THERNO-LAG" T-500. The maximum temperature recorded during this test wa8 490'P. 
These data a re  considered valid for the first 1-1,'2 c h u t e s  of testing and are presented 
in ngure  53 in terms oi q" yersua d e r e  the temperature oi the steel substrate ia 
taken as the meam of thermocouples 2 and 3 at any given time. The data tg to 1-1/2 
minutes of testing, the time of flow field separation, is plotted in  -lid llnes, while th. 
data of limited valldity are indicated by dotted linea 

- 

b ., 
Model Number Coatlng Thlckness coating Weight Test Duratlom 

13D -017 .06 5 
14F .034 .12 5 

Ob/ftZ) b i n )  - (la 1 
I 

M i c r o s q i c  enmination of the model foUowhg test completion lndiuted that the rprayed 
on coating adhered to the steel mbstrate throughout an 11-mhute ted,  and a l w  
-me of salt had sublimed, the exact amount waa not determiad. 

'Ihe performance d 'THERMO-LAG" T-500 at Teat CmdiUoa #2 Wcated W: 

1. .005 Inch of 'TBEWdO-LAG" T-500 maintained thermal protcctioa d the ateel 
substrate boidlng the temperature below 500- for 5 mlnubm. 

2. .030 lnch ad "THERMO-LAG" T-500 malntllned the temperature dtheateel 
substrate below 500bF for 11 minutea. 

3. The sprayed on coating of "THERMO-LAG" T-530 m e r e d  to the mteel9llad.r 
for  periods ob up to 11 minuter without any lndlcatlonm ad failure. 

4. In all tests, the 'TBEIUdO-LAG" T-500 maintained the temperature d the uteo1 
aubatratc below 530%'. 

PHENOLIC NYLON. Four phenollc nylon test models wlth W e r e n t  coaUng thickaeuem 
were run at Test Condition #2. The model numbers, coating thlcknesses, coatlng weights, 
and test duraUonr are sborpn In Table IX. 

TABLE U: 

17B .011 .0385 
1% 

MODEL 13D: Figure 31 depicts the model before and after a 5-minute test. The photo- 
graphs indicate slight misalignment of the model in the plasma jet during the test. Ibe 
stagnation region receded and flattened rapidly, causing the flow field to go through an 
observable discontinume change and separate from the afterbody after 2 mlnutes of teshng. 
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The thermocouple traces are presented in Figure 33. The thermocouple temperature m e  
throughout the test and was asymptotic to somevalue. The maximum temperature attained 
was 630°F. The data are considered valid for the first tvo minutes d the test. 

Micrc#copic ervnlnltioadthemodel following completionof the test revealed the loll- 

1. A crack occurred at theaftenddthe model, and the coating had sepul ted  from the 
steel mbtratc.  

2. Nylon had flowed out of the phenolic matrix md formed bubbles. 
3. The material had discolored and had begun toform a char layer. Accurate me- 

ment a[ the total matertal ccnasumed was aot made. 

- 
MODEL 14F: -Figure 35 depicta the model before ud after 8 5 minute test Smt mi8- 
alignment of the model in the plasmajetduring the test f. indicated. The stlgnotloa regim 
of the model receded and flattened rapidly, causing the flow field to go through an aberr-  
able, dlsconthuous change and separate from the after- d the model after l-V2 minutes 
d tesulu. 

-- 

Figure 37 contain8 the thermocouple temperature traces. The temperature incrersed 
steadily durlng the test, and was asymptotically approaching ita limiting value d WO'r. 
The maximum temperature attained during t h i m  test waa 6607. 

Figure 51 presents the data, considered valid for the Mttal 1-1/2 minutes d testing, La 
t e rm d q*'vcrsusT . The temperature of the steel substrate is taken u the mtm 
d thermocouples 2 and 3 at any given time. 

The data acquired prior to flow field separation la plotted tn solid lines and the data d 
lltnited validity is indicated by dotted lines. Micros~opic examination d the model follow- 
lng test completion revealed that the nylon had flowed out of the phenolic matrix and had 
formed bubbles along the side of the model. The material had discolored and ha4 started 
to form a char layer. 

MODEL 17B. Figure 38 depicts the modelbefore and after 5 minutes of testing. The sllght 
misdignment of the model in the plasma jet during the test Is indicated. ?he stilputiai 
region receded and flattened rapidly, causing the flow field to go through an observable, 
discontinuous change, and separate from the afterbody of the model after 1-1/2-mlnute d 
testlng. 

Figure 41  contalns the thermocouple traces. The steel substrate temperature increased 
throughout the test and was asymptotically approaching 000°F. The madmum temperature 
attalned was 890V. 



Figure 52 presentr the data cauiderod ralld for the flint l - V 2  a n u t e  d the teat. Ttw 
data I, prerenttd ln t e r m  d q** vemus T. The temperature d the ateel aubstrate la 
taken u the mean d tbermocouplt. 2 and 3 at any glven time. The data up to the Ume 

cated by dotted urwr. 
Ylcrorcoplc exualnatloa d the model followlag teat completloa lndicated that the coathe 
had friled completely and repmated from the r t e d  rubatrate over thcrmocayrle 3. The 
t o w  over thermocouple 2, dthougb cbured, had -end well. 

d LlOr fleld 8CpU8uOO Ir pl0tt.d &I rd ld  UCI, W e  tbe data d llmlted V J i d I t p  L. M- 

- 

YODEL 13G: Figure 43 depictr the modal beforemdrtter a 5 minute test. The rt4naUar 
region d the model receded urd !huead rapldly, c u h g  the flow fleld to go though an 
OblervTOble, dircantinuau change, rad reparote from tho afterbody d the ~ o d c l  after I-Vr 
miautsr d term& - 
Iygure 45 coataha the thermocclglo tracer. The .tee1 mb6trate temperature lncreaaed 
thr- the t a t ,  urd att8lned a uuxlrnum temperature d 8WF at the end of the test. 
Flgure 33 prerenta the data, rhlch lr coruidcred v d d  for the Mtia l l - l / 2  minuter d 
terting. me data tr prerented in t e r m  oi 9 **versus f, *ere the temperature ot th. 
&eel mM?rate lr taken u tho mean 0ftherrnocoul;lcr 2 lad 3 at 8ny glven time. fhe dab, 
up -to the time of flow field rcguatloa, lr plotted ln mud h e r ,  a l e  dah d Ilmltod 
vrlldlty 1. Lndlcated by dotted linea. - 

Mlc&!oplc e.iminaUon af the model foUorLnq tert completion revealed that the phanolle 
nylon had cracked and lo8t bond over thermocouple 3, and had flowed art od the pbenollc 
rnatrlr and formed bub&ler on the ridcatthe model. It waa also obcrved that the material 
had dlrcolored and r tu t ed  forming a char layer. Accurate measurement. d the total 
materlal consumed were not M d o .  

The phenollc-nylon performance at Test Condition #2 indicated U t :  

1. The phenolic-nylon offered thermal protection and mzintdned the substrate tem- 
pcraturcr below O0OoFDbbut not enough data MI obtained to accurately eatabllnh 
the degradation temperahue. 

2. One of the better hlgh temperature adheslves (EpoxyUte) started falllng after five 
minute. of testing. 

3. The phenollc nylon cracked and had a tendency to mall. 

COMPARISON OF MATERIAL PERFORMM'CES W E N  APPLIED IN THIN COATINGS ON 
SIDE WALtS. 

Figurer 48 through 53 contdn the results of the teste which a re  plotted in terms of 
q*+ versus TI M e r e  q'* is q averagex time and T is the steel substrate temperature. 

The figures dlrectly compare the substrate temperature historles for approximately equal 
mas8 d coating 

I 
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mating wight per tuut area In identical thermal environments. The flow field about tba 
nrodel was a strong hnction d the forebody geometry. When the stagnation r m o n  ablated 
and flattened, the flow field underwent an observable, &scotitinurns change, and separated 
from the model afterbody, thus reducing the heat transfer rate in the test section. Ike to 
model forebody shape change, the test data for phenolic nylon at Test CondlUon 01 m8 
vdid for the first hro minutes of the test. The "THERSIQ-LAG" f-500 at Test Condltloa 
01 formed a nonrecedrng debris layer and the data arc valid throughout the test. At Test 
ConQtion e2, the "THERhlO-LAG" T-500 underwrit a flowfield Qscontinuty at 2 minute& 
and the phenolic nylontesthadrflowfield discontinuity at 1-1 2 minutes. me test data v. 
completely valid only. up to the time d flow field discontinuity, horPrer the performance 
comparisons may be extended for the five minutes d tesL 

The comparison d the performance of "THERMO-UO' T-500 and phenolic aylm k thln- 
coat applications on side uallr  I8 summuired In the Iollo8*ng table. 

TABLEJ 

"THERMO-LAG T-500 

Test 
Codt ion 

Coating 
Thickness 

.036 

.OW 

.OW 

.120 

.os 

.06 

-12 - 

.180 

Temperaturt 

325'F. 
200°F' 

36OoF+ 

310CF* 

430.. - 
430,. 

440.. 

Phenolic S y l o a  

.0425 

.O?l 

.096 

.125 

.0385 

.06 

.12 

.182 

Temperature mu 
Compare8 
Figure No. 

15 and 23 
17 and 25 

19 and 27 
21 and 29 

35 and 43 

3r and 39 
33 and 41 

37 and 45 

indicates temperature after two minutes. 
** indicates maximum temperature. 
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Model 
No. 

1A 
28 
3c 
ID 

In all case8 the "THERblO-LAG' T-500 maintained the steel substrate temperature k- 
low the sublimation temperature of 530'F. The phenobc nylon maintained the steel 
substiate belov 900cF, which is apparently the meltmg anddegradation t emperahued  
phenolic nylon. 

Teat RcCe88iOn Debrir 
Duration to Debrir Thlcherr 
(mi4 (W (in) 

16.7 .054 .470 
. 16.7 .065 .435 

12.6 .340 
12.7 - .365 

In all  cases the "THERMO-LAG' T-500 was more efficient than phenolic nyloa when u8ed 
in thin coatings as a thermal protection eystern at low heat flux levels. 

The phenolic nylon coating attached to the steel with epoxyUte rhoved rigns d cracking 
after a five-minute test. In all testa the nylon melted, startel floving ar t  d the pbcadic 
matrix, and formed bubbles. Ihe 'TIIERMO-LAG" T-500 sprayed directly mer the rted 
rubstrate adhered throughout all tests for the m a m u m  test periods d 11 and 16.67 minutea. 

31.2 
31.5 
31.7 
31.8 

M A T E R I A L  P E R F O R M A N C E  A T  T H E  S T A G N A T I O N  R E G X O N .  

c: 
2550 
2445 
2445 
244 5 

TEST C o "  el. 
Material performance at t e d  condition rl (enthglpy 3500 BTU/lb, heat flux 30 BTU/fl2 rcc) 
ir described in the following p u r q t r p h r .  

"THERMO-LAG' T-500. Four "THERMO-LAG" T-500 modclr were teded at Ted Condltla~ 
wl. The rerurt. are .born in W e  XI. 

TABLE X 

Virgln 
Material 

Reccrrion 
(in.) 

.524 
300 
. s o  
.365 

I 

q 
10,530 

9950 

1. m e  surface temperature8 were measured with an optical pyrometer at approxi- 
mately I/t-mlnute intervals. The results are presented in Figure 10 for all modela. 
The average surface temperature was 2170°F. 



2. The temperature hlstories d the mpper plugs 1-1/4 inches from the original model 
surface are plotted in Flgure 10. The temperature lttliaed a maximum d 250°F. 

3. m e  average gross heat blockage for the four models b 9'115 BTU/lb. The data 
are presented in Figure 46. 

4. h e  four models performed s i m l l u l y  and had identical pbyslcll appearance after 
removal from the p lvma  jet atream. Post-test ana lys i s  d the models induded 
axial sectioning. View d the sectioned models are shown In Figures 14, 18, 22, 
and 26. 

5 8  

6D 
?E 
8F 

The debris layer receded approximately .M inch and then formed a stable nonrecccdfg 
surface capable of obtaining a high M a c e  temperature. Tbe models retained the hemis- 
pherical cyllnder conflguratlon throughout the test. The sectioned debris had: (a) micro- 
scopically thin light-colored hard crurrt; (b) bene&& the crust a large pore "char" structure 
-250 inch thick with "char" ceXh approximately .02 inch in diameter; and (e) a z h u p  line 
of demarcation vhere the debrir maw M. a lighter color for .220 inch down totbe 

16.7 
16.7 
16.7 
16.7 

surface of the virgin nutcrlrt 

PHENOLIC NYLON. Four phenolic nylon modelr were teetedat T e d  Condltlm rl. 
aults are shown in Table M. 

1.176 
1.108 
. 8H  

1.023 

TABLE M 
I I 

I 10.5 

30.5 

30.1 

30.3 - .  

30.4 

2800 

2800 

2695 

2695 

The re- 

4660 
4300 

4630 
4320 

- 
- 1. The surface temperatures were measured with an optical pyrometer at approxi- 

mately 1/2-mlnute Intervals. The teeults are presented in Figure 11 for all models. 
me average surface temperature attalned wa8 2746°F. 

. .  
0 33 



2. The temperature histories of the copper-plugs 1-1 '4 icches from the original model 
surface are plotted in Figure 11 for all models. 

The stagnation region thermocouple shoved a pecullar response at 1-1.'2 to 2-112 minutel, 
which occurred at the same time the flow field went through the Q s S O C l l t i V e  Chmv. ?bb 
effect is not explained here ia  

3. The average gross heat blockage for the four models is 4477 BTU/lb. The data are 
presented in Figure 46. 

4. The four models performed similarly and had identical physical appearance, after 
removal from the plasma jet stream. All  models had receded rapidly rod changd 
from a hemisphericd cylinder to an irregular, cup-shaped ccnfiguration. There va8 
not enough stagnation region char left to allow the models to be scctioaed. - 

TEST CONDITION #Z 

Material performance at Test Condition q2 (enthalpy 17,500 BTU 'lb, heat flu 360 BTU/H2 
sec) is described in the follolving p m g n g h r .  

"THERMO-LAG' T-500. Four "THERb¶O-LAO' T-500 models were tested at Test C d -  
tion r2. The results are shown in Table WI. 

- 

TABLE 

1. The surface temperatures were measured u i th  an optical pyrometer at approxi- 
mately l/t-mlnute interval. The results are presented in Figure 12 for 111 models. 
The average surface temperahre was 3912°F. - 
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2. The temperature historier of the copper plugr 1 4 ' 4  inches from the original 
model stagnation point u e  plotted rn Figure 12. Models OB, IOD and 18A were 
exposed for five minuter to the plasma jet, the t eqe ra tu res  were r eco rd4  far 
eight mtnutes to establish model "cooling c~rver" .  The murimum temperature 
attalned by these models MU 170.F'. 

Model 116 MI exposed for 11 minutes tothe plarma jet dream. After M.2 mlnuter 
the temperature started riring rapidly. To achieve consistency with 111 data, the 
"THERhIO-LAG" T-500 war considered all consumed when the copper rlug reach& 
500°F, which occurred at 8.84 ~3.hute8: 

3. Ihe average gmrs heat blockage was 24,350 BTV,/lb. Tbe endothermic dccompod- 

- 

v= - tlon, latent heat of sublimation, and transpiration cooling 
BTU/lb. These data are presented ln Figure 46. 

4. Modelr OB, 10D and 18A receded' an average d 0.666 inch. Theyprlormed 
rimilarly and had identical physical appearance. The stagnation regioo ru 
rectioned axially. Figurer 30, 34, 38 and 42 are  photograpb d the rectloaed 
models. The debrb matrix was thin (.06 inch), black and uniform urd had a fine 
microrscopic pore rtructrlre, a8 rhoan in Figure 55. 

Model 116 waa tested for 11 minuter. Thestagnation regimhadcupped rad 
receded p u t  the copper calorimeter. 

- 
PHENOLIC M L O N .  
results are shown in Table Mv. 

Four phenollc nylon models were tested at Test Condltloa r2. Tbe 

17B 
15G 5 .934 

.285 

.295 

.285 

.265 

TAB1 

af-: 

- 
1.160 
1.218 
1.156 
1.199 

sxnr 

361.5 

I c 
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1. The rurface temperatures were measured with an optical pyrometer at  apprwd- 
mately l / tmlnute  intervals. The results are presented in Figure 13 for all modelm. 
The average rurface temperature YII 4258'r. 

2. The temperature hlrtorier of the copper plug 1-1,'4 inches from the mt.qrutloa 
point ut ahown in Figure 13. Ihc copper plug recorded a mrdmum d 380- 
whlcb occurred 30 rccondbbr after-termination ol the teat. 

3. The average grorr heat of ablation w s  25,575 BTUAb. Tbe energy of degradatloa 
and transpiration coollng ( 4 ~ ~ -  f r )  ME 10,SSO BTU/lb. The d8h 8re prewntod 
b Flgure 46. 

4. The modela all periormed r lmlluly and receded an average d 1.188 lncher durtaq 
the flve-minute test. All faur models had rlrnilar phyricd appearance. After tb. 
test the modelr were sectioned d a l l y .  Photographa cd the sectioned model u. pra- 
sented in Figurer 31, 35, 30 and 43. The phenollc char w n  clown to the rtactia 
zone andthe rurfacedthevlrgin materlal. The char wo1 approximately 300 incb 
thick md was a coarse porau rtmcture with "char" cells rppmdmately .OS iacb la 
diurratar. 

Tbe performance eompulran data for "TiiERbfO-LAG" T-500 and lor4eneitypharollc 
nylon at the 8tagnation point are presented In Flgure 46. The total effective heat blockago 
Qm; Qr ir plotted v e r w  total enthalpy in W e  46. The data are connected by dotted 

liner to indicate t rend .  No effective comparlson of materials 'II~ made at  the rtagmtlo~ 
point uslng a badtrlde temperature rire an the criterion. 

m 

me *THERMO-LAW T-500 at Test Condition w l  forme; a nonconsumable d e b i r  mtrtx 
capable ai reaching radiation equillbrlum temperature. Phenolic nylon receded rapidly 
at Teat Condlflon Yl and wu relatively ineffective a r r the rmlp ro tcc t ion  rprtom. 

The effect d endothermic reactions and maas injection MI compared by plot t lq  
,Qn-4r vermr  total rtrezm enthalpy a8 prerented in Ngure 40 where data polnt. hu. 
bea obtained from other rourcea, only to help establish trendr. Thodatalndlcrt. 
that "THERMO-LAO' T-SO0 undergoes 3748 BTU/lb more cndothcrmlc r e a c t l a  md 
injection effect. than phenolic nylon at  Teat Condition #2. The performance of "THERHO- 
LAO" at hlgh heat 5ux Ievelr i# attributable prirnarlly to mas# lnjectlon ~d ondothermi0 
reacuonr. Tho performance ai phenollc nylon Ir attributable to Ita formlng hlgb t o m p o r t  
ture -8. 

The trendm lndtcatethat "THERbfO-LAG' T-500 11 cor.rlc?crably more cfflcltnt W n  phrnoUc 
nylon in "low heat flux, hlgh enthalpy env'rronmenb". 
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C O K C L U S I O N S .  

"THERNO-LAG" T-500 is more effective than phenollc nylon when used as a thermal 
protection system in a l o r  heat flux, high enthalpy environment, such as udll  o c w  oa 
the aft body d a l o r  - vehicle enteringat shallow angIes. Thc'THERLIO-UG" 

T-500, when sprayed over a mbstrate, maintains the tempratwe of the substrate k l o r  
the sublimation temperature ob 530°F. The phenolic nylon maintains the temperature 
of the substrate below OOO'F Fa all cases. 

W 
car 

In the stagnation region at 90 BTU ft2sec, enthalpy 3500 ETU lb, *e "THERYO-UG 
T-500 formed a stable nonconsumable debris matrix. The phenolic nylon receded rapidly 
at these condition& 

m e  "THERMO-LAG' T-500 sprayed coating adhered well to the slbstr8teChrouebau( 
aII tests. 

I 

I , 
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APPENDIX A 
PERFORMANCE MECHANISM 

Tb facilitate interpretation of the data derived from this testing program, a M d  de=*- 
tion of the sublimation processes characteristic of each material is presented fn conjunc- 
Urn with an energy balance for a typical heat uhield material. 

e 
aUing the s tew-a ta te  -ablation and mblimatlon of "THSRMO-LAG" T-500, the mrteri.I 
e m  in one of the three 6 t a t e m c a t e d  below: 

1. V i m  material M applied. 
2. Pyrolyzed cvboIlaccoru Chu. 
3. A transition &ate in which the properties od the material range from State 1 bo 

state 2. 

- - 
- 
A. the virgin material attaim c a ~ o r o ~ c  temperature, the inorganic mu-- a t  \mh.r- 
-8 a p h s c  change from solid to vapor. The endothermic nature of thin p h w  change 
provides the thcrrnoatatic, temperature-limiting function of the "THEIUd<lLAG' material. 
Within the transition atatt region, a minor volume of gas released by pyrolysis d the 
blader syystem addm to the volume of mblimed inorganic vapor. The total vapor ~01-e. 
transpiring through the pyrolyzed carbonaceous char matrix, provides a major heat 
abeorbing function due to relatively low-temperature endothermic decomposition. Dttrfled 
mass transport and kinetic dah applicable to this process are  available in Emermm Re- 
port No. 1139. 

- --  
I h e  phenolic nylon material, during steady-state ablation, s imilar ly  exist8 in three state.; 

.however, the total volume of gas emitted is due to pyrolysis of hydrocarbon polymers, a 
process providing no temperature limitation. Within the carboruceous char matrix, the 
hydrocarbon gases undergo thermocatalytic cracking, an endothermic process occurring 
at-a temperature algnlZIcantly higher than that at which the sublimed inorganic vapors  d 
Ule "THERMO-LAG" material endothermically decompose. Upon release to the atmosphere, 
the catalytically cracked phenolic nylon gases are  subject to exothermic reaction with 
oxpg- 

, 
- 



Referring to the following diagram, ab energy balance can be made on an element of ma- 
terial i n  the process of steady-state ablation. 

Debri8 Layer 
Vir- Material 

- 
- 

Where A represents incoming energy, B represents outgoing energy, C represent8 internal 
energy absorbed, D represents external energy absorbed, and E represent8 external 
energy released, the energy balance equation W d  take the form: 

A + E = B + C + D  

Under condition8 of 8teady-8tate ablation, incoming energy t e r m  m: 

convection h (Tree * T,) 

radiation d€T& from equilibrium o r  non-equilibrium droclt front. 

atgoing energy t e r m  he: 

re-radiation dCTm 

conduction &&!&i T ~ )  into mbstr i te  heat 6 W .  
m, - 

Considering the conservation of matter equation m. a m, e m ,  h e r e  ha Ir the w e t -  
all mass loss rate of the ablative rnateria1,rh" Is the mans rate of liquid or vapor formed, 
and h, is the mass rate of debris or char formed, rn, and m, can be reprcmentcd by, 
. - .  

.- 

, -  
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Typical terms for internal energy absorption are: 

Heat of vaporization m. ( ~ ] Q v  
Heat of fudon ma ( P - P  arS 4 Jo. 

Sensible heating-of char materlal 6, (I - P - ( O  

Heat of sublimation h, 

Sensible heating of gases in the char rmtru 

L)(fir )c, 

Sensible heating of virgin material 

Mssoclation withln char matrix 

&.(T -7 I G 

Tgpical terms for external energy absorption are: 

Trvlsplration of gases in boundary layer 

C w  materid 

- Virgin materia 

Misociation in boundary layer o,,, 

Combustion of char material. combustion parameter, (9 (z) 
Combustion of gases, combustion parameter, 

Typical terms for external energy release are: 

- h m  - h n  

The o v e r 4 1  heat balance of a heat shield material may then be expressed as follows: 

In the case of phenolic nllon, the heat of sublimation, Qs is nat applicable. In the c u e  of 
the **THElUifO-LAG" material, neither heat of fusion, Q heat of vaporization Q, , nor 
the combustion parameters are  applicable. f '  
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APPENDIX B 
PLASMADYNE HYPERTHERMAL TUNNEL 

The apparatus in wtuch the tests drscussed in Ulls report were conducted consisted ad 
the following components: 

1. ARC PLASMA GENERATOR 

A schematic dugram of tlus urut is Contaned in Rgure 2. The unit consists of a ulter- 
cooled enclosure COnhAnllng a conical, tungsten-tipped rear cathode dscharging to a 
forward copper annulus anode. The electrode gas, nitrogen, is tangentrally introduced into 
the ark chamber, thus providing gas vortex a rc  stabilization as it is heated to a selected 
hgb-energy state. 

2. MMINGCHAMBER - 
The heated gas from thearcplasmagenerator is discharged into the mixing chamber +re 
oxygen is introduced through a ring injector in the proper proportion to simuhte *. 

3. AERODYNAMIC NOZZLE 

The simulated air plasma flows from the mixing chamber to a water-cooled. contoured, 
supersonic aerodynamic nozzle. This nozzle has a 3-inch exit diameter through wtuch the 
gar is expanded to a velocity of ma& 3. 

4. TEST SECTION. 

The test section consists of a double-walled, water-cooled cylindrical chamber 30 inches 
in diameter and 8 feet in lecgth. Side v i e w s  of the models a s  the test in progress were 
provided by two opposing pyrex viewing ports. Two 1-1 2-inch quartz viewing ports 
located i n  the downstream end of the test section enabled optical pyrometer readings to 
be made during the test. A pneuniatirallg operated, water-cooled model insertlon system 
additionally provides a conduit for instrumentation leads. Rgure 4 shows a test model 
installed in the irisertion system. 

I 

5. GAS SYSTEMS. 

Gas Systenis a r e  provided for pressure reduction, metering, and delivery of oxygen md 
nitrogen to the appropriate chambers. 
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6. VACUUM SYSTEM. 

The arrangement of the vacuum system L shown in Flgure 1. The system cue- 
sists of a tube-type heat exchanger located at the test section exit, a Roots-type blower, 
and mechanical vacuum pumps. 

7. POWER SUPPLY SYSTEM. 

Eight rectifiers, each rated at 40-kilowatt continuous duty and 60-kilowatt peak, provide 
the D.C. power to the test system at an oyen circuit voltage of 80. 

8. SYSTEM INdTRUblENTATION. 

a. Calorimeter. A 5:’8-inch diameter, water-cooled copper calorimeter wa. used to 
measure the stagnation point cold-wall heat transfer properties of the supersonic 
plasma stream. The temperature rise of a controlled and metered cooling mter 
flow waa monitored. 

b. Pitot Probe. The pitot pressure of the plasma stream was measured by means 
of a probe device equipped &th sensitive, rapid-response, direct-reading in8tr1~- 
menta. 

c. Miscellaneous System Instrumentation. Suitable instruments were provided for 
measurement of gas flow rates, pressures, and temperatures; power to electrodes; 
and cooling water temperatures, and flow rates. A Bolex color movie camera 
was used to make a pictorial reccrd of the model profile during teat. 

Total enthaipy of the plasma stream wa8 measured by ID 
energy balance on the entire system. The accuracy of the energy balance warn 
assured by previous comparison with total enthalpy meascrementa from a total 
enthalpy probe. Tks probe extracted and cooled a known amount of -6 from 
the plasma stream. Total enthalpy was then calculated from the cooling load 
imposed upon the probe. 

d. Total Enthalpy Probe. 

9. MODEL INSTRUMENTATION. 

a. Optical Pyrometer. A Leeds and Northrop portable, battery-operated optical py- 
rometer w a s  used to measure the stagnation region surface temperature d model. 
during test. 

b. Rt-cordmg Oscillograph. A 14-channel Midwestern Instrument Co., Model 621 F 
drect-printing oscillograph, yj;ls bsed to provide temperature traces of all model 
and c ~ l x i m e t e r  thermocouples. 
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APPENDIX C 
ANALYSIS OF SHAPE OF 

SIDEWALL THERMOCOUPLE CURVES 

An analysii d the 6lde wall thermocouple curves revealed that their dupe wan dmib 
to that predicted by the tquatloa 

This equation, plotted in Figure 51, predicts temperature histories underneath cooting8 
which do not recede with time and which are  subjected to a constant, sudden temperature 
rise of their exposed surface. (Ref. e.) 

An equahon which predicts temperature histories under coatingn which do recede 
with time, with constant surface temperatureb, (Ref. l), 18 - - 

T N s  equation is also plotted in Figure !i4, and is labeled "moving boundary equation". 

In order to study the shape of these curves alone, the time scale was ncndimensionalized 
with respect to 8 ,  the time for the substrate to reach 99 percent of the driving tempera- 
ture. 

Port-test model inspection Indicated that coating thicknesses were essentially the same 
as originally applied to the models. Therefore, the shape of the thermocouple curves would 
be expected to follow the predictions of the nonreceding equation rather than the moving 
boundary equation predictions. 

- -_  

. - 

I .  

I 

i 
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Figure 1. Schematic of Hyperthermal Test Facility 
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Figure 2. Schematic of Arc Plasma Generator 

. 
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FLgurc 4. Stlng Mounted Made1 In Front of Plasma Jet Nozrle 
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Flgure 8. Radlal Total Enthalpy Distributlon Across Jet 
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Figure 7. Schematic of Calorimeters and Models 
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Figure 8.  Assembled Model 
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Figure 9. Transient Calorimeters 
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Figure 10. "THERMO-LAG" T-500 h¶odel Data. Test Conditiorl I 

58 
. . . . .  



(J,) - amaemdma& 

Figure 11. Phenolic Sylon hIode1 Data, Test Condtion 1 
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Flgure 13. Phenolic Sylon Model Data, Test Condition 2 - 
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More After 

Sectioned View 

FQwre 14. "THERMO-LAG" T-500 Model I A ,  16.7-blinute Expokre to a Stagnation 
Enthaipy of 3510 BTU. lb  at a Heat Flux of 30.0 BTU 112 see 
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After After 

Flgure 15. Phenolic Nylon Model SB. 16. 'I-hl~nutc' Exposure to a Stwnatlon Enthalpy 
of 3685 BTU 'Ib at a Helt Flux of 29.5 BTU 112 sec 



Flgure 16. Thermocouple Traces, Model I A  
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Figure 17. Thermocouple Traces, Model SB 
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After More  

Scctlloned Vlcw 

-re 18. "THERHO-LAG" f-500 Model 28,  16.7-M1nute -re to a SPgnaUon 
Enthalpy of 3600 R"'U:lb at a Heat Flux cf 30.2 BTU,'RZ Ecc 



FLaure 19. Phenolic Nylon M o d e l  6D, l f~ .7-M111ute  Exposure tu a Strpiation Enthalpv 
of 3598 BTU Ib at 2 HeJt Flux of 29.3 RTU It2 sec 
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Flgure 20. Thermocouple Traces, Model 2 8  I 
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Figure 21. Thermocouple Traces, Model 6D 
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Before 
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After After 

23. Phenolic Nylon M a l  TI!, 16.7-Mtmrts m u r e  to a S-Hon Enthalpy 
of 3580 BTU,'lb at a Heat Flwt of 29.4 BTU, ft2 sec 
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Flgure 24. Thermocouple Traces, Model SC 
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Figure 25. Thermocouple Traces, Model 7E 
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Figure 28. Tbermocarplc Trace., Model ID 
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More After 

4,-7q-q$!+ r .. -7 

Secticned View 

Ftgurc 30. "THERMO-IAG" T-500 Model OB, 5-Hmute Ernomre to a m a n o n  
Enthalpy of 17,550 BTU lb at a Heat Flux of 360.6 BTU it2 sec 



Before 

. 

Sctloned V i e w  

Ftgure 31. Phenolic Nylon Model 130, 5-Mmute Exposure to a Stamatlon Enthalpy 
of 17,480 BTU lb at a Heat F l u  of 355.6 BTU f t2  sec 

79 



a 
- v  8 

F; 
i 



F l y r e  33. Thermocouple Traces, Model 13D 
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Figure 35. Phenolic Nylon Model 14F. EYLmde Expomare to a Stagnation Enrhalpv d 
17.565 B T U / b .  at a Heat  FIUK of 354.7 BTV Ft .2  Sec. 
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F e n  35. Phenolic Nylon YbQl 14F. %Minute ExpOmAre to a SlrgnVlom Enthalpy ol 
17.565 BTU/Ib. at a Heat Flux of 354.7 BTU Ft. 2 S c .  
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Figure 36. Thermocouple Traces, Model 10D 
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TEST COXDmON NO. 2 

Phenollc Nyloa, Test 11 
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bar ti^ V I W  

Figure 30. "THCRMO-LAG" T-500 Yodel 18s 5-Ylnuta Expornre to a S t y r u t h  
Enthalpy d 17,461 BTU/lb at a Heat fiux ol362.8 B N  ft2 scc 
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Figure 39. Phenolic Nylon Model 178. 5-Mlnute Exposure to a Stagnation Enthalpy 
of 17,500 BTU lb  at a Heat F l u  of 354.5 BTU f t 2  nee 
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Plgurc 40. Thermocouple Tracer, Mode1 16A 
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Figure 41. Thermocouple Traces, Model l?B 
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Flwure 43. Phenolic Nylon Model I N ,  5-Mtnute Exposure to a Stagnation Enthalpy 
of 17.389 BTC"1b at a Hpar F l u  of 354.3 RTC f t z  sstc 
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Figure a. Thermocouple Tracel, Model 11s 
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Figure 45. Thermocouple Traces, hbQl  15G 
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Figure 43. Heat Blockage an a Fonctlon d Total EnthPfW 
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Substrote Temperature (OF') 

Flgure 48. Material Evnluatlon Curve 
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Figure 49. Materlal Evaluotloa C w e  
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Figure 50. Materlal Evaluation Curve 
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Pmre 51. Matcr1a.l Evalultlaa Cuoe 



Figure 52. - MPterIal Evaluation Curve 
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Figure 53. Material Evaluation Curve 
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Figure 54 .  Substrate Temperature Histories for Stationary and 
hloving Boundary Equations 



Flgurc 55. Photomicrograph (6. SX) Taken . I 8  Inch from Surface of ‘THERMO-LAG” 
T-500 Model After One Hour Exposure to a Stagnation Enthalpy of 3.  SO@ 

BTUilb at a Heat Flux of 33 BTU,‘ft2 sec 
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